Methylomonas paludis sp. nov., the first acidtolerant member of the genus Methylomonas, from an acidic wetland An aerobic methanotrophic bacterium was isolated from an acidic (pH 3.9) Sphagnum peat bog in north-eastern Russia and designated strain MG30 T . Cells of this strain were Gram-negative, pale pink-pigmented, non-motile, thick rods that were covered by large polysaccharide capsules and contained an intracytoplasmic membrane system typical of type I methanotrophs. They possessed a particulate methane monooxygenase enzyme (pMMO) and utilized only methane and methanol. Carbon was assimilated via the ribulose-monophosphate pathway; nitrogen was fixed via an oxygen-sensitive nitrogenase. Strain MG30 T was able to grow at a pH range of 3.8-7.3 (optimum pH 5.8-6.4) and at temperatures between 8 and 30 6C (optimum 20-25 6C). The major cellular fatty acids were C 16 : 1 v5t, C 16 : 1 v8c, C 16 : 1 v7c and C 14 : 0 ; the DNA G+C content was 48.5 mol%. The isolate belongs to the family Methylococcaceae of the class Gammaproteobacteria and displayed 94.7-96.9 % 16S rRNA gene sequence similarity to members of the genus Methylomonas. However, strain MG30 T differed from all taxonomically characterized members of this genus by the absence of motility, the ability to grow in acidic conditions and low DNA G+C content. Therefore, we propose to classify this strain as representing a novel, acid-tolerant species of the genus Methylomonas, Methylomonas paludis sp. nov. Strain MG30 T (5DSM 24973 T 5VKM B-2745 T ) is the type strain.
The genus Methylomonas belongs to the class Gammaproteobacteria, family Methylococcaceae, and encompasses strictly aerobic, obligate utilizers of C1 compounds with type I intracytoplasmic membranes (ICMs) and the ribulose monophosphate (RuMP) pathway of carbon assimilation (Whittenbury & Krieg, 1984; Bowman et al., 1993) . The first described methanotrophic bacterium, which was isolated and named as 'Bacillus methanicus' by Söhngen (1906) , represents the type species of the genus Methylomonas, Methylomonas methanica (Whittenbury & Krieg, 1984) . Besides Methylomonas methanica, this genus includes four other recognized species, Methylomonas aurantiaca, Methylomonas fodinarum (Bowman et al., 1990) , Methylomonas scandinavica (Kalyuzhnaya et al., 1999) and Methylomonas koyamae . Members of these species are Gram-negative, rod-shaped or coccobacillary cells that produce pink or orange carotenoid pigments, are motile by means of a single flagellum, and grow between pH 5.0 and 9.0, with an optimum at pH 6.5-7.0.
Representatives of the genus Methylomonas are especially abundant in various semi-neutral or slightly alkaline environments, such as rice paddies, water-saturated soils, volcanic areas, fresh and marine waters, lakes and sediments (Auman et al., 2000; Auman & Lidstrom, 2002; Hutchens et al., 2004; Lin et al., 2004; Lüke et al., 2010; Dianou et al., 2012) . Recently, however, evidence for the presence of Methylomonas-like bacteria in acidic boreal forest soils and Sphagnum-dominated wetlands was obtained in several cultivation-independent studies (Morris et al., 2002; Jaatinen et al., 2005; Chen et al., 2008; Kip et al., 2011a) . These findings were difficult to interpret until the ability to grow at pH below 5.0 was reported for Methylomonas sp. strain M5, which was isolated from an acidic Sphagnum peat bog in the Netherlands (Kip et al., 2011b) . This isolate, however, was only partially characterized and was not described taxonomically.
In this paper, we report the isolation of another representative of the genus Methylomonas from an acidic Sphagnum-dominated wetland in north-eastern Russia. We confirm the ability of this methanotroph to grow at pH below 5.0 but demonstrate its acid-tolerant rather than acidophilic nature, and describe this bacterium as representing a novel, acid-tolerant Methylomonas species.
Strain MG30 T was isolated from a sample collected in July 2010 from 5-10 cm below the surface of Sphagnum peat (pH 3.9) on the bank of the bog lake Germanovskoe, island Valaam, Karelia, (Eller et al., 2001) revealed cells of gammaproteobacterial methanotrophs in this enrichment culture. These cells occurred as thick rods that were arranged in pairs or in short chains. An aliquot of the respective cell suspension was plated onto the agar medium M2 and the plates were incubated at 20 u C in desiccators under a methane/air (30 : 70) gas mixture. The colonies that developed on these plates after 3 weeks of incubation were again screened for the presence of type I methanotrophs by means of wholecell hybridization. The selected colonies were picked and purified by successive restreaking until a methanotrophic bacterium, designated strain MG30 T , was obtained in a pure culture.
The isolate was maintained on agar medium M2 and in liquid cultures. For growth in liquid media, 500 ml screwcap serum bottles were used with a headspace/liquid space ratio of 4 : 1. After inoculation, the bottles were sealed with silicone rubber septa, and methane was added aseptically using a syringe equipped with a disposable filter (0.22 mm) to achieve a 10-20 % mixing ratio in the headspace. Bottles were incubated on a rotary shaker (120 r.p.m.) at 20 u C. Culture purity was ensured by examination under phasecontrast and electron microscopy and by plating on media containing the following different organic substrates: 10-fold diluted Luria-Bertani agar (1.0 % tryptone, 0.5 % yeast extract, 1.0 % NaCl) or M2 agar medium amended with 0.1 % (w/v) glucose. The culture was considered to be pure when only one cell type was observed under light microscopy and no growth on nutrient-rich media was observed.
Morphological observations and cell-size measurements were made with a Zeiss Axioplan 2 microscope and Axiovision 4.2 software (Zeiss). Cell morphology and the presence of cysts were examined by using batch cultures grown to the early exponential, late-exponential and stationary growth phases. For electron microscopy, cells of exponentially growing cultures were collected by centrifugation and pre-fixed with 1.5 % (w/v) glutaraldehyde in 0.05 M cacodylate buffer (pH 7.2) for 1 h at 4 u C and then fixed in 1 % (w/v) OsO 4 in the same buffer for 4 h at 20 uC. After dehydration in an ethanol series, samples were embedded in Epon 812 epoxy resin. Thin sections were cut on an LKB-2128 Ultrotome, stained with 3 % (w/ v) uranyl acetate in 70 % (v/v) ethanol and then poststained with lead citrate (Reynolds, 1963) at 20 u C for 4-5 min. Specimen samples were examined with a JEM-100B transmission electron microscope at an 80 kV accelerating voltage. To test the presence of flagella, cell suspensions from the cultures of strain MG30 T were dried onto grids and treated with 1 % (w/v) phosphotungstic acid solution. Negatively stained cells were examined with a JEM-100C electron microscope at an 80 kV accelerating voltage.
Physiological tests were performed in liquid medium M2 with methane. Growth of strain MG30 T was monitored by measuring OD 600 for 2 weeks under a variety of conditions, including temperatures of 4-37 u C, pH 3.0-8.0 and NaCl concentrations of 0-5.0 % (w/v). Variations in pH were achieved by mixing 0.1 M solutions of H 3 PO 4 , KH 2 PO 4 and K 2 HPO 4 . Heat resistance was tested by heating cell suspensions at 50, 60, 70 or 80 u C for 10 min, followed by plating onto agar medium M2 and incubation at 20 u C for 2 weeks. Desiccation resistance was assessed according to Whittenbury et al. (1970) . The range of potential growth substrates was examined using 0.05 % (w/v) concentrations of the following carbon sources: ethanol, formate, glucose, acetate, pyruvate, malate, succinate and citrate. The ability of strain MG30 T to grow on methanol was tested in liquid medium M2 containing 0.01-5 % (v/v) methanol. Nitrogen sources were tested by replacing KNO 3 in M2 with 0.05 % (w/v) NH 4 Cl, NaNO 2 , urea, formamide, methylamine, glutamine, glycine, alanine, peptone, Casamino acids or yeast extract. For N 2 -fixation experiments, a nitrate-free medium was used. Growth was examined after 1 month of incubation.
For enzymic studies, methane-grown cells of strain MG30 T were harvested by centrifugation (15 000 g, 30 min) and resuspended in 0.05 M Tris/HCl buffer (pH 7.5). Cells were disrupted by ultrasonic treatment (66 30 s), centrifuged at 15 000 g for 40 min to remove unbroken cells and the resulting supernatant was used for enzyme assays. The protein content of extracts was determined by the modified method of Lowry (Schacterle & Pollack, 1973) . The following enzymes were assayed spectrophotometrically at 30 u C in cell-free extracts using earlier published methods: methanol dehydrogenase EC 1.1.99.8 (Anthony & Zatman, 1964) ; formate dehydrogenase EC 1.2.1.2 with NAD + (Johnson & Quayle, 1964) ; NADH-or NADPH-dependent hydroxypyruvate reductase EC 1.1.1.29 and serine-glyoxylate aminotransferase EC 2.6.1.45 (Blackmore & Quayle, 1970) ; glucose 6-phosphate dehydrogenase EC 1.1.1.49 (Kornberg & Horecker, 1955) ; 6phosphofructokinase (PFK) EC 2.7.1.11 (van Dijken & Quayle, 1977) ; pyrophosphate-dependent PFK EC 2.7.1.90 (Beschastny et al., 1992) ; and 3-hexulose 6-phosphate synthase EC 4.1.2.43 (Ferenci et al., 1974) . These enzyme assays were conducted using a Shimadzu UV-1700 spectrophotometer. Specific activity of ribulose bisphosphate carboxylase EC 4.1.1.49 was assayed radiometrically in 0.5 ml of the following reaction mixture: 100 mM Tris/ HCl buffer (pH 7.6), 10 mM MgCl 2 , 12 mM NaH 14 CO 3 (1.0 mCi mmol 21 ), 0.5 mM ribulose-1,5-bisphosphate (RuBP) and cell-free extract (0.1-0.5 mg protein). After preincubation at 30 u C for 2 min, the reaction was initiated by addition of NaH 14 CO 3 . Aliquots (0.05 ml) were withdrawn, placed on glass-fibre paper (GF/F) pieces (16 1 cm) and immediately fixed by addition of 0.05 ml 6 M HCl to remove 14 CO 2 excess. RuBP-dependent incorporation of radioactivity into acid-stable products was determined using a liquid scintillation spectrometer (LS 6500 Multipurpose scintillation counter; Beckman Coulter).
For fatty acid analyses, cells were grown on liquid mineral medium M2 with methane and harvested in the late exponential growth phase. Fatty acid analysis was performed as described for Methylocystis heyeri (Dedysh et al., 2007) . The DNA base composition of strain MG30 T was determined by thermal denaturation using a Unicam SP1800 spectrophotometer at a heating rate of 0.5 u C min 21 . The DNA G+C content was calculated according to Owen et al. (1969) . The DNA of Escherichia coli K-12 was used as the standard. PCR-mediated amplification of the 16S rRNA gene was performed using primers 9f and 1492r and the reaction conditions described by Weisburg et al. (1991) . Partial fragments of the pmoA (active-site polypeptide of particulate methane monooxygenase, pMMO), mxaF (large subunit of methanol dehydrogenase) and nifH (dinitrogenase reductase) genes were amplified using the primers and the reaction conditions described by Holmes et al. (1995) , McDonald & Murrell (1997) and Dedysh et al. (2004) , respectively. Phylogenetic analyses were carried out using the ARB program package (Ludwig et al., 2004) . Trees were constructed using distance-based (neighbour-joining), maximum-likelihood (DNAML) and maximum-parsimony methods. The significance levels of interior branch points obtained in the neighbour-joining analysis were determined by bootstrap analysis (1000 data resamplings) using PHYLIP (Felsenstein, 1989) .
Cells of strain MG30 T were Gram-negative, non-motile rods (1.0-1.5 mm wide by 1.0-4.0 mm long). Cells often appeared in pairs or in long chains and produced large polysaccharide capsules up to 3.0-5.0 mm thick (Fig. 1a) .
Two-week-old colonies of strain MG30 T were round, 4-6 mm in diameter, slimy, pale pink with an entire edge and a smooth surface. Liquid culture of the novel isolate displayed white turbidity. Formation of a surface pellicle in static liquid cultures was not observed.
Electron microscopy analysis of ultrathin sections of cells of strain MG30 T showed a typical Gram-negative structure of the cell wall and the presence of ICMs, arranged as stacks of vesicular discs (Fig. 1b ). This ICM arrangement is characteristic of type I methanotrophs. No flagella were revealed in specimens of negatively stained cells of this bacterium. Strain MG30 T did not survive heat or desiccation, and no exospores or cysts were observed regardless of cell age or culture conditions. Methane and methanol were the only substrates utilized by strain MG30 T . Methanol supported growth only when used at concentrations below 2 % (v/v); the most active growth occurred at a methanol concentration of 0.25 % (v/v). No growth was observed on multicarbon compounds. Nitrate, ammonium chloride, glutamine, Casamino acids, peptone and yeast extract were used as sources of nitrogen. Strain MG30 T was also capable of slow growth in liquid nitrogenfree medium under microaerobic conditions (1.0-2.0 % O 2 in flask headspace). The nifH gene fragment from this bacterium was most closely related (91 % nucleotide sequence identity and 99 % derived amino acid sequence identity) to the corresponding gene fragment from Methylomonas methanica S1 T .
Strain MG30 T grew in the pH range 3.8-7.3, with the optimum at pH 5.8-6.4 (Fig. 2) . Given that the ability to grow at pH below 5.0 has not yet been reported for any of the taxonomically characterized representatives of the genus Methylomonas, our novel isolate represents the first acid-tolerant member in this genus. However, it is clearly less acidophilic than the previously described alphaproteobacterial methanotrophs from Sphagnum-dominated peatlands, i.e. Methylocella palustris, Methylocapsa acidiphila and Methyloferula stellata, which show optimal growth at pH 5.0-5.5 (Dedysh et al. 2000 (Dedysh et al. , 2002 Vorobev et al., 2011) .
The temperature range for growth of strain MG30 T was 8-30 u C, with the optimum at 20-25 u C. No growth occurred at 34 or 37 u C. Strain MG30 T was highly sensitive to NaCl; its growth was completely inhibited at NaCl concentrations above 0.1 % (w/v). The specific growth rate of this methanotroph under optimal growth conditions was 0.04-0.05 h 21 (equivalent to a doubling time of 13.8-17.3 h). The maximum OD 600 in a culture grown under the optimum conditions reached 1.0-1.2 after 3 days of incubation.
The activities of the enzymes potentially involved in the oxidation of methanol and in primary C1-assimilation were assayed in extracts of methane-grown cells of strain MG30 T (Table 1) . This bacterium possessed a classic, pyrroloquinoline quinone-containing methanol dehydrogenase, which required high pH and NH 4+ ions for its activation. Methanol dehydrogenase was active with PMS as an artificial electron acceptor. A key enzyme of the RuMP cycle, 3-hexulose 6-phosphate synthase, was detected in cell extracts of strain MG30 T , suggesting that the RuMP cycle is involved in formaldehyde assimilation in this bacterium. In addition, activities of carbon metabolism enzymes, such as glucose 6-phosphate dehydrogenase and pyrophosphate-dependent PFK, were revealed in strain MG30 T (Table 1) . Activity of ATP-dependent PFK was not detected. The presence of pyrophosphate-dependent PFK and absence of ATP-PFK is characteristic of many methanotrophs. Activity of ribulose-1,5-bisphosphate carboxylase, a key enzyme of the Calvin cycle, as well as hydroxypyruvate reductase and serine-glyoxylate aminotransferase, the serine pathway-specific enzymes, were not detected. Apparently, the RuMP cycle is the basic pathway for C1-assimilation in methanotrophs belonging to the genus Methylomonas.
The PLFA (polar lipid-derived fatty acid) profile of cells of strains MG30 T was characterized by the predominance of C 16 : 1 fatty acids, which is typical for PLFA profiles in type I methanotrophs (Bowman et al., 1991; Bowman et al., 1993) . The major components of this profile were C 16 : 1 v5t, C 16 : 1 v8c, C 16 : 1 v7c and C 14 : 0 fatty acids (Table 2 ). In general, the PLFA profile in strain MG30 T was quite similar to those reported for taxonomically characterized representatives of the genus Methylomonas (Bowman et al., 1993; Ogiso et al., 2012) . The only PLFA feature that distinguishes strain MG30 T from other Methylomonas species is the high content of C 16 : 1 v5t (about 35 % of the total fatty acids).
Comparative sequence analysis of the 16S rRNA gene showed that strain MG30 T belongs to the family Methylococcaceae of the class Gammaproteobacteria and displays 94.7-96.9 % 16S rRNA gene sequence similarity to members of the genus Methylomonas (Fig. 3) . Highest 16S rRNA gene sequence similarity (97.7 %) was observed between strain MG30 T and the taxonomically uncharacterized Methylomonas sp. strain M5, which was also isolated from a Sphagnum-dominated wetland in the Netherlands (Kip et al., 2011b) . In contrast to other characterized Methylomonas spp., strain MG30 T had a relatively low DNA G+C content of 48.5 mol% (Table 3) .
Phylogenetic analysis based on fragments of the pmoA gene, which encodes the b-subunit of particulate methane monooxygenase (pMMO), revealed that strain MG30 T displays only 86.8-88.9 % nucleotide sequence identity (or 92.9-95.0 % derived amino acid sequence identity) to pmoA gene fragments from other members of the genus Methylomonas (Fig. 4) . PmoA identity with other methanotrophic representatives of the family Methylococcaceae ranged between 73.4 and 89.3 %.
No mmoX gene encoding a subunit of soluble MMO (sMMO) was detected in strain MG30 T using any of three widely used PCR primer combinations: mmoXA/mmoXD (Auman et al., 2000) , mmoX1/mmoX2 (Miguez et al., 1997) and mmoX206f/mmoX886r (Hutchens et al., 2004) . DNA from Methylocella silvestris BL2 T was used as a positive Fig. 2 . Influence of medium pH on growth of strain MG30 T . The specific growth rate (m) was determined after 24 h incubation at a given pH value. The pH values were determined at the beginning and end of the incubation. control in all three PCRs. The colorimetric naphthalene oxidation test (Graham et al., 1992) for sMMO activity in cells of strain MG30 T grown on copper-free medium was also negative. The results suggest that sMMO is not present in strain MG30 T .
In summary, cell morphology and physiology as well as 16S rRNA and pmoA gene phylogenies characterize strain MG30 T as a member of the genus Methylomonas.
However, our novel isolate differs from all taxonomically characterized members of this genus by the absence of motility, the ability to grow in acidic conditions and low DNA G+C content (Table 3) . We propose to classify strain MG30 T as representing a novel, acid-tolerant species of the genus Methylomonas, Methylomonas paludis sp. nov. Taxonomically uncharacterized Methylomonas sp. strain M5 is phylogenetically related to Methylomonas paludis MG30 T but, according to the data reported by Kip et al. (2011b) , is more acidophilic, possesses sMMO activity and differs with regard to its PLFA composition. This suggests that strain M5 is probably a member of another, as-yet-uncharacterized species of the genus Methylomonas.
Description of Methylomonas paludis sp. nov.
Methylomonas paludis (pa.lu9dis. L. gen. n. paludis of a swamp, of a marsh, of a bog).
Gram-negative, non-motile rods, 1.0-1.5 mm wide by 1.0-4.0 mm long. Cells occur singly, in pairs or in short chains and are covered by large capsules. Reproduce by binary fission. Possess stacks of ICMs typical of type I methanotrophs. No cysts are formed. Colonies are slimy, pale pink with an entire edge and a smooth surface. Liquid cultures display homogeneous turbidity; no surface pellicle is formed. The temperature range for growth is 8-30 u C with the optimum at 20-25 u C. Growth occurs between pH 3.8 and 7.3 with the optimum at pH 5.8-6.4. Methane and methanol are the only growth substrates. Methanol is utilized at concentrations below 2 % (v/v); optimal growth occurs at 0.25 % (v/v) CH 3 OH. C1 compounds are assimilated via the RuMP pathway. Growth factors are not required. NaCl inhibits growth at concentrations above 0.1 %. The predominant PLFAs are C 16 : 1 v5t, C 16 : 1 v8c, C 16 : 1 v7c and C 14 : 0 . Fixes atmospheric nitrogen; nifH gene is present.
The DNA G+C content of the type strain is 48.5 mol%. The type strain, MG30 T (5DSM 24973 T 5VKM B-2745 T ), was isolated from the acidic Sphagnum peat bog lake Germanovskoe, north-eastern Russia. Bowman et al., 1993) ; 3, Methylomonas fodinarum (Bowman et al., 1990) ; 4, Methylomonas aurantiaca (Bowman et al., 1990) ; 5, Methylomonas scandinavica (Kalyuzhnaya et al., 1999) ; 6, Methylomonas koyamae . ND, Not determined.
Characteristic 1 2 3 4 5 6
Cell shape Rods Rods Rods Rods Rod-like ovoids Rods Cell size (mm) 1.0-1.561.0-4.0 0.5-1.061.0-2.0 0.7-1.060.8-1.2 0.5-0.860.8-1.5 0.6-0.861.5-1.7 0. pH range 3.8-7.3 5.5-9.0 5.5-9.0 5.0-9.0 5.0-9.0 5.5-7.0 pH optimum 5.8-6.4 7.0 7.0 6.5 6.8-7.6 6.5 Tolerance to 1.0 % NaCl 
